Doubly auxotrophic strains of Candida albicans were selected from mutagenized cultures. Spheroplasts prepared from the auxotrophic strains were fused with polyethylene glycol. Prototrophic derivatives formed by this fusion protocol from auxotrophic strains were selected by complementation on minimal medium. These prototrophs had a cell volume twice that of the original strain and were shown to be heterozygous at four loci. Prototrophs obtained by this procedure infrequently gave rise to auxotrophic recombinants whose cell volume remained twice that of the original strain. It is suggested that these auxotrophic recombinants arise from mitotic crossing-over. This paper is the first report of a parasexual cycle in C. albicans.
Candida albicans is a common causative agent of mycotic infections. Although inconclusive evidence for a sexual cycle in C. albicans has been reported (18) , it is generally considered that the organism exists naturally only in the asexual state (7) . The absence of a parasexual cycle in C. albicans has restricted genetic studies to the isolation and characterization of induced or spontaneous mutants (6, 8, 11, 16) . Several reports have suggested that this organism is haploid (19) . In contrast, Olaiya and Sogin (10) concluded on the basis of DNA content that C. albicans is diploid. Whelan et al. (21) have recently provided genetic data which they interpret as suggesting that C. albicans is diploid. The ploidy of the organism influences the feasibility of constructing a parasexual cycle.
A parasexual cycle employing polyethylene glycol fusion of protoplasts has been reported for the related fungus Candida tropicalis (3, 17) . These studies indicated that fusion of haploid auxotrophic protoplasts initially produced heterocaryotic multinucleate yeasts. These heterocaryons were unstable and dissociated into their haploid nuclear components. More rarely heterocaryons gave rise to heterozygous diploid uninucleate yeasts. The diploids were unstable.
In the first of these studies (17) , Vallin and Ferenczy fused two strains of C. tropicalis, each carrying a single auxotrophic marker and producing prototrophic, doubly heterozygous, diploids. It was found that these diploids spontaneously gave rise to derivatives auxotrophic for one or the other of the parental markers. No recombinant double auxotrophs were found. The auxotrophic derivatives were considered to be haploid. In the second study of C. tropicalis, Foumier et al. (3) fused a number of different single and double auxotrophs. After fusion prototrophic strains heterozygous at multiple loci were forned. These strains were unstable and gave rise to singly and doubly auxotrophic derivatives, including recombinants. This instability was enhanced by p-fluorophenylalanine, which is known to increase haploidization in various diploid fungi (5, 9) . The instability was also enhanced by y rays. Fournier et al. did not express an opinion as to whether the auxotrophic derivatives were haploid, diploid, or aneuploid and commented that the frequencies of the various auxotrophs cannot easily be interpreted. This paper is the first report of a parasexual cycle in C. albicans. The technique employed was polyethylene glycol fusion of spheroplasts. Two doubly auxotrophic strains were isolated from wild-type C. albicans after mutagenesis. These strains were fused to give prototrophic derivatives, which will subsequently be referred to as fusion products. It can be inferred from their origin that these prototrophic fusion products were heterozygous at four loci, with the mutant alleles recessive to the wild-type alleles. These prototrophic strains were unstable and on rare occasions gave rise to auxotrophic derivatives. The nature and frequency of these auxotrophic derivatives confirmed that the prototrophic fusion product was heterozygous at four loci. The results further suggested that the instability of the heterozygous prototroph was due to mitotic crossing-over (2) and that auxotrophic the prototrophic fusion products is that they are twice the volume of the normal strains, an observation which resembles that already made with C. tropicalis (3, 17) . This was a useful diagnostic characteristic during analysis. In other respects, in their ability to form germ tubes and true mycelium, for example, the fusion products and normal strains were similar.
MATERIALS AND METHODS Strains. C. albicans ATCC 10261 was the wildtype prototroph from which all mutants were derived. On corn meal agar this strain formed chlamydospores.
Media and culture conditions. All strains of C. albicans were maintained on yeast extract-peptone (YEP) agar slopes. For selection and analysis of mutants the organism was grown on a defined glucosesalts-biotin (GSB) medium (15) supplemented as appropriate with adenine, uracil, lysine, and proline. The molarity of these four additives was varied as described below. Liquid cultures of yeast celLs were grown in either GSB medium or YEP at 280C. Plate cultures were solidified with 2% (wt/vol) agar and grown at 280C. For germ tube formation, blastospores from 18-h cultures were starved for 24 h and incubated at 37°C in a buffered 2.5 mM N-acetylglucosamine medium as described previously (14) . The percent germination was assessed by light microscopy.
Isolation of auxotrophic mutants. Blastospores were harvested in late log phase, centrifuged, and suspended in 0.2 M sodium acetate (pH 7) at approximately 108 cells/ml. N-methyl-N'-nitro-N-nitrosoguanidine (NTG) was added to give a final concentration of 0.15 mg/ml. The culture was incubated for 90 min at 300C and centrifuged, and the cells were suspended in distilled water. Approximately 10% of the cells were viable after this treatment; the loss of viability was linear during the 90-min incubation. Mutagenized cells were exposed to a thymineless death procedure (1) for enrichment of auxotrophic mutants. The cells were then plated on the complete medium (YEP), and after growth the colonies were tested for auxotrophy. Various reports (8, 11) have been made of adenine-requiring auxotrophs of C. albicans which grow as red colonies on limiting adenine. Adenine-requiring mutants (Ade-) were isolated by visual screening of colonies growing on YEP.
We used the red color of Ade-strains in isolating double mutants. It was found that, after mutagenesis of Ade-strains, various double auxotrophs requiring adenine and some other nutrient grew white on YEP. This was presumably due to the second auxotrophic requirement's stopping colony growth before adenine was eliminated from the medium. Since adenine is not the effective limiting nutrient in such a situation, the adenine biosynthetic pathway remains repressed. In summary, on appropriate media a secondary auxotrophic requirement will be epistatic to the adenine auxotrophic requirement. In principle, it is possible to use the colony color method to select for any desired auxotrophic marker.
Spheroplast formation. Spheroplasts were formed with Zymolase 5000 (Kirin Brewery Co., Takasaki, Japan). In this preparation from culture filtrates of Oerskovia xanthionolytica, the lytic components have been purified and described by Scott and Schekman (13) .
Blastospores from late exponential growth phase were harvested from liquid culture and washed once with distilled water by suspending and centrifuging. The cells were then suspended in 0.5 M MgSO4 containing 0.1 M Tris-hydrochloride (pH 7.2) and 0.01 M ,8-mercaptoethanol to 1 x 108 cells/ml. After incubation at 250C for 30 min with occasional mixing, Zymolase was added to give a final concentration of 1.0 mg/mil. The suspension was incubated at 350C for 1 h with shaking at 100 rpm. More than 99% of the cells were converted to spheroplasts by this procedure, as judged by phase-contrast microscopy and osmotic sensitivity.
Spheroplast fusion and regeneration. Spheroplasts produced by the above protocol were gently centrifuged and then suspended in 0.5 M CaC12-0.1 M Tris-hydrochloride (pH 7.2) to 108 cells/ml. Samples (5 ml) of spheroplast suspensions prepared from different auxotrophic strains were then combined and again gently centrifuged. The resulting pellet was suspended in 0.2 ml of the buffered 0.5 M CaCl2. One milliliter of 25% (wt/vol) polyethylene glycol (molecular weight 15,000 to 20,000) was added, and the pellet was gently suspended with a glass rod. The suspension was incubated for 15 min at 30°C, mixed with 5 ml of 0.5% (wt/vol) agar in buffered 0.5 M CaC12, then poured as a soft overlay onto GSB agar plates. The plates were then incubated at 30°C for 5 to 7 days.
Selection of auxotrophic derivatives of the prototrophic fusion product Blastospores from the prototroph produced by fusion were grown for 12 h at 300C in GSB, which was supplemented where appropriate. Amphotericin B (Fungizone, E. R. Squibb & Sons) was added to the log-phase culture to a final concentration of 2 pg/ml. Incubation was continued for 4 h, and the cells were plated on appropriate media. This procedure (4, 12) results in the death of dividing cells. Any rare auxotrophic cells would be in stationary phase, and they would, therefore, survive exposure to the antibiotic.
RESULTS
Construction of the doubly auxotrophic strains hOG2 and hOG7. The following procedure was used to isolate double auxotrophs potentially capable of complementation. The wild-type prototroph of C. albicans (ATCC 10261) was mutagenized with NTG as described above. Approximately 10,000 colonies grown on YEP were screened visually, and three red colonies were detected. These colonies proved to be Ade-auxotrophs. One of these, designated hOG1, was used in subsequent steps in the procedure. hOGI was exposed again to NTG mutagenesis and plated on YEP to isolate double auxotrophs. Approximately 1% of the colonies plated on YEP were white, the remainder were red. One thousand randomly selected red colonies were tested for auxotrophy, and a variety of double auxotrophs were detected, including one which required both adenine and proline. This strain was designated hOG2 (Ade-Pro). Out of 130 white colonies picked at random, two mutants requiring adenine and uracil were found, one of which was designated hOG4 (Ade-Ura-). hOG4 (Ade-Ura-) was exposed to a further NTG mutagenesis, and 500 colonies were screened to detect the presence of triple auxotrophs. One such colony was detected, a strain requiring adenine, uracil, and lysine, and it was designated hOG6 (Ade-Ura-Lys-). hOG6 was plated on GSB containing uracil (3 x 10-3 M), lysine (3 x 10-3 M), and adeiiine (3 x 10-5 M). These plates were irradiated with UV light to select for an adenine revertant. hOG6 grew on this medium as small red colonies, because adenine, the limiting nutrient, was present at 3 x 10' M. After UV mutagenesis, rapidly growing white colonies were detected. These colonies proved to be revertants of Ade-to Ade+. The spontaneous frequency of such mutants was less than 1 in 106, after UV mutagenesis frequencies as high as 1 in 103 occurred. One of these revertant colonies was designated hOG7 (Ura-Lys-).
The results of the UV mutagenesis are given in Table 1 .
Fusion of auxotrophic spheroplasts and formation of prototrophic derivatives. Spheroplasts were prepared from hOG2 and hOG7, and fusion was attempted, as outlined above. Rapidly growing white prototrophic colonies were produced with a frequency of approximately 10/plate. In addition, small slow-growing red colonies occurred at a frequency of approximately 103/plate. The number of viable cells (prototrophs plus aurotrophs of the two parental types) present in the suspension after the fusion protocol corresponded to approximately 105/plate, as determined by plating on YEP. When either strain was used alone, no prototrophic colonies occurred on the GSB plates. When the procedure was modified by (i) omitting the cell wall lysis steps (spheroplast formation), (ii) replacing the buffered 0.5 M CaC12 with buffered 0.5 M MgSO4, or (iii) reducing the concentration of polyethylene glycol to 10% (wt/vol), no prototrophic colonies appeared.
Characterization of the prototrophic derivatives formed by fusing hOG2 and hOG7. The slow-growing red colonies from spheroplast fusion were plated onto minimal (GSB) and complete (YEP) agar plates. The YEP plates produced approximately 100 times as many colonies as the GSB plates. Approximately equal numbers of red and white colonies were present on the YEP plates. When tested for their auxotrophic requirements, these red colonies were found to require adenine and proline (resembling parental strain hOG2), and the white colonies required uracil and lysine (the characteristics of parental strain hOG7). Most of the colonies on the GSB plates were slow growing and red, although a few rapidly growing white colonies occurred.
From these observations it was inferred that the slow-growing red colonies produced by fusing hOG2 and hOG7 were unstable heterocaryons, frequently sectoring to give the parental types. This accounts for the slow growth on the GSB fusion plate, since celLs of either parental type would be unable to sustain growth on this medium. The red colony color was presumably due to Ade-Pro-cells derived from the heterocaryon. When the slow-growing red colonies from the GSB fusion plates were streaked on YEP, the colonies produced resembled one or the other of the auxotrophic parents (hOG2, hOG7). This mixed state makes it difficult to determine the relative frequency of the two types in the heterocaryon.
The rapidly growing white colonies present on the GSB fusion plates were streaked on GSB and YEP, on which they produced a similar number of colonies. When the colonies grown on YEP were retested, they were found to be still prototrophic. These observations indicated that the white colonies were stable prototrophs. Nuclear fusion would result in a complementing quadruple heterozygote and would establish such a stable prototroph. One stable white prototroph, designated dOG8, was used in the subsequent analysis. The blastospores of this and other prototrophic fusion products were larger than blastospores of ATCC 10261, hOG2, and hOG7. From photomicrographs the long axis of dOG8 had an average length of 6.5 ,um compared with 4 ,um for ATCC 10261. Germ tube formation was compared in the wild-type prototroph VOL. 146, 1981 on September 29, 2017 by guest http://jb.asm.org/ Downloaded from (ATCC 10261), auxotrophic mutants (hOG1, hOG2, and hOG7), and prototrophs produced by fusion (dOG8). When starved blastospores were incubated in buffered N-acetylglucosamine, as described above, more than 80% of each strain had germinated after 3 h.
Isolation of auxotrophic derivatives from the prototrophic fusion product dOG8. On minimal medium, dOG8 grew as white prototrophic colonies. By contrast, on YEP medium occasional colonies showed red sectors, which were found, after purification, to be adeninerequiring auxotrophs. The frequency of red colonies and sectors varied, depending on the number of colonies per plate. The red adenine-requiring sectors were less frequent when the cells were densely plated, presumably due to selective disadvantage of the adenine auxotroph.
If the dOG8 inoculum was grown overnight in GSB liquid and plated to give between 100 to 200 colonies per plate, a reproducible sector frequency of approximately 1 per 200 colonies were found, as described in Table 4 . The size of the red sectors was variable, ranging from perhaps 10% of the colony to 100%. Sectors smaller than 10% of the colony would not have been detected. These observations indicated that cells of dOG8 were spontaneously unstable, giving rise with a frequency of approximately 1 in 103 to red sectors under the conditions described above. One hundred such red sectors were purified and tested for their nutritional requirements. They were all adenine auxotrophs, but otherwise prototrophic. To increase the number of auxotrophic derivatives available for analysis, dOG8 was treated with amphotericin B as described above. The results of one such enrichment experiment are shown in Table 2 .
After amphotericin treatment of dOG8, 116 red colonies were selected, purified, and analyzed. All were adenine auxotrophs, but otherwise prototrophic. Microscopic examination of a random sample of these colonies indicated that they were composed of large cells, resembling the fusion product dOG8 rather than ATCC 10261, hOG2, and hOG7. One of these strains, designated dOG9 (Ade-) was selected for further analysis. In addition to the red (Ade-) colonies described above, 1,000 white colonies produced by amphotericin B enrichment were screened. Most were prototrophic; only three auxotrophs, two lysine-requiring colonies (one of which was designated dOG10), and one uracil-requiring colony (dOG11) were detected. These three white strains resembled the prototroph dOG8 in blastospore size. Isolation of doubly auxotrophic sectors. dOG10 (Lys-) blastospores were treated with amphotericin B and plated on YEP. Approximately 1% of the colonies were red, and a random sample of 10 were found to be double auxotrophs, requiring adenine and lysine. dOGll (Ura-) was similarly treated with amphotericin B and plated on GSB with 3 x 102 M uracil and 3 x 10-4 M adenine. Again, approximately 1% of the colonies were red, and a random sample of 10 were found to require both uracil and adenine. dOG9 (ade-) blastospores were treated with amphotericin B and plated on GSB supplemented with 3 x 10-4 M adenine, 3 x 10-4 M lysine, 3 X 10-4 M proline, and 3 x 10-4 M uracil. On this medium the parental auxotroph dOG9 (Ade-) grew as red colonies. Double auxotrophs (AdeUra-, Ade-Pro-, Ade-Lys-) would grow as white colonies on this medium (see above). A total of 6,800 colonies were screened visually, and 15 white colonies were isolated, analyzed, and found to be double auxotrophs requiring adenine and lysine. The same amphotericin Btreated suspension of dOG9 (Ade-) blastospores was plated on lysine-rich GSB medium (3 x 10-4 M adenine, 3 x 10' M lysine, 3 x 10-4 proline, and 3 x 10-3 M uracil). On this medium dOG9 (Ade-) and any Ade-Lys-double auxotrophs would grow red (adenine limiting), whereas any Ade-Ura-or Ade-Pro-double auxotrophs would grow white (uracil or proline limiting). A total of 12,000 colonies were screened visually, and five white colonies were isolated and analyzed. Four of these colonies were found to be Ade-Ura-; the other was an Ade-Pro-double auxotroph.
Reversion of dOG9 (Ade-) to Ade+. dOG9 blastospores were plated on GSB supplemented with trace adenine (3 x 10-M). On this medium they gave rise to small deep red colonies. After prolonged incubation, a number of rapidly growing white colonies appeared. On analysis these were shown to be prototrophic. Three of these revertants were designated dOG12, dOG42, and dOG43. These prototrophs gave occasional red sectors as indicated in Table 4 . In this charac-VOL. 146, 1981 teristic they resembled the original diploid dOG8; all four strains have a similar sector frequency. This indicates that the dOG9 revertants, dOG12, dOG42, and dOG43, and the original fusion product (dOG8) are heterozygous for the adenine mutation, and it can be inferred that dOG9 is homozygous for this mutation.
Reverslon of hOG2 (Ade-Pro-) to Ade'
Pro-. For reasons that will be given below, the stability of the Ade+ revertants of hOG2 was considered to be of interest. Ten revertants were isolated after UV irradiation of hOG2 plated on GSB (3 x 10-5 adenine, 3 x 10-3 proline). After purification, these revertants were plated on YEP with and without exposure to UV light. The resulting colonies were screened visually for red sectors. In excess of 104 colonies of each strain were screened. No red sectors were detected from any of the ten revertant strains. Detection of the reciprocal products due to mitotic instability of dOG8. When dOG8 blastospores were plated on YEP, the red adenine character appeared either as pure colonies or as a sector within a white prototrophic colony. Nine sectored colonies were selected, and the white prototrophic component of the colony was purified. These nine prototrophic strains were then plated on YEP to determine the frequency with which they formed red sectors and to compare this with the frequency of the heterozygous fusion product dOG8, as described in Table 4 . Of these nine prototrophic strains, five showed a sector frequency resembling dOG8; the remaining four failed to give any red adenine sectors.
DISCUSSION
The strains used in this analysis are described PARASEXUAL CYCLE IN C. ALBICANS 837 in Table 3 . The suggested genotypes assume that each auxotrophic mutant was due to a mutation in a single corresponding genetic locus (Ade-ade, Pro-pro, Ura-ura, Lys-lys). This assumption is simplest and is sufficient to explain all of the phenomena encountered during the analysis.
Several lines of evidence indicated that dOG8
was heterozygous. The origin of this prototroph was the fusion of hOG2 (Ade-Pro-) and hOG7 (Ura-Lys-). The stability of the strain and the large size of the blastospores were consistent with its being due to a nuclear fusion between the two parental types, showing complementation between the doubly auxotrophic mutants. It is suggested that dOG8 was heterozygous for four genes, ade, pro, ura, and iys, the wild-type alleles being dominant. This conclusion is supported by the observation that auxotrophic sectors produced by dOG8 included strains requiring adenine, proline, uracil, and lysine. In addition, all the sectors derived directly from dOG8 were single auxotrophs. Double auxotrophs were only produced indirectly from dOG9, dOG10, and dOG1l. The direct auxotrophic derivatives therefore resembled neither parental type (hOG2 or hOG7). This indicates that dOG8 was due to nuclear fusion rather than being a heterocaryon.
On theoretical grounds the auxotrophic derivatives of dOG8 could have been products of mitotic crossing-over, aneuploids, or products of either meiosis or haploidization. The data indicated that they were due to mitotic crossingover. For example, dOG9 (Ade-) gave rise to double auxotrophs that required adenine and uracil, adenine and proline, and adenine and Table 4 ). These strains are considered to be ade+ homozygotes, the reciprocal products of mitotic crossing-over. The data, taken together, suggest that C. albicans ATCC 10261 n ally either is haploid and that the parasexual cycle described here involved diploidy and mitotic crossing-over or, altematively, is diploid and that the parasexual cycle involved tetraploidy. The ploidy of C. albicans has been a question of some debate (14, 20) . Van der Walt (18) reported the isolation of haploid and diploid cell lines of C. albicans. Unfortunately, these findings have not been independently confirmed. The suggested ploidy difference was based on the DNA content and cell size. The DNA content reported for haploid C. albicaW(8.2 x 10 15 g/cell) is at variance with the value of 4.5 x 10_15 g/cell reported for C. albicans ATCC 10261 (14) . Wain et al. (20) nally diploid organism may have undergone chromosome divergence such that only certain chromosomes remain sufficiently homologous to permit mitotic crossing-over. During the subsequent evolution of the species, one or the other of the duplicate loci could be lost as a result of random mutation. Such loss would confer no selective disadvantage on the organism. The mutated or null locus would be without genetical consequence due to the absence of mitotic crossing-over between the divergent chromosome pair. This situation resembles the fixation of null alleles in tetraploid animals, for example, salmonid fish. One of these three explanations could reconcile the observations of Whelan et al. (21) and the data of the present paper.
The blastospore size of ATCC 10261 and dOG8 was compared with that of 10 other strains of C. albicans. This group comprised six recent clinical isolates and four laboratory strains: ATCC 10259, CM1, 45348,631 (Royal Melbourne Children's Hospital), and U01 (Otago Hospital). These 10 strains closely resembled ATCC 10261 in blastospore size. It is therefore considered that they are of the same ploidy and that most or all naturally occurring C. albicans strains are of this ploidy. A detailed presentation of quantitative data concerning blastospore size will be the subject of a separate paper.
It is interesting to compare this analysis of C. albicans with the previously published analyses of C. tropicalis (3, 17) . The similarities of the analyses are obvious, for example, the instability of the prototrophic fusion product, the large size of its blastospores, and the appearance of heterocaryotic, slow-growing, red colonies on the GSB fusion plates. The distinctive features of the present analysis are the large number of spontaneous sectors analyzed and the isolation of doubly auxotrophic sectors from the singly auxotrophic strains (dOG9, dOG10, and dOGll). Selection of these rare derivatives was made possible by the use of amphotericin B enrichment and preliminary screening on the basis of colony color. Vallin and Ferenczy (17) concluded, without stating their reasons, that the sectors which they isolated from the diploid C. tropicalis were haploid. The absence of double auxotrophs (recombinants) in the sectors suggests an alternative explanation; some, or perhaps all, of their sectors may have been produced by mitotic crossing-over. Fournier 
